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The development of ballistic missiles which re-enter the earth's atmosphere at hypersonic speeds has made the problem of aerodynamic heating one of primary importance. The heating is most severe at the nose, and since state-of-the-art cooling techniques preclude the use of a sharp nose, blunt-nosed vehicles are used. Therefore, the supersonic and hypersonic aerodynamic characteristics of blunt bodies have received considerable attention.
Theoretical studies of blunt-body flows followed many approaches as outlined by Van Dyke in Ref. 1 . Two of the most successful appear to be the numerical method of Van Dyke (Refs. 1 and 2) and the empirical modifications of the Newtonian theory suggested by Lees and Kubota (Refs. 3 and 4) . Concurrent with the theoretical studies, many experimental investigations, primarily at Mach numbers less than five, have been conducted (e.g., Refs. 5 through 20). The hemisphere, because of its simple geometry, has been the most extensively investigated of the various blunt bodies. Interest in the aerodynamic characteristics of the hemisphere, together with the knowledge that the pressure distribution on a hemisphere could be very sensitive to flow deviations in a wind tunnel, led to the adoption of this body as an AGARD The hemisphere-cylinder is a configuration which has been of practical concern since the early development stages of re-entry vehicles. There have been many theoretical and experimental studies of the hemispherecylinder at zero angle of attack, and Ref. 22 presents a summary of several of these studies. However, there have been very few investigations of the flow over a hemisphere-cylinder at angles of attack other than zero.
The purpose of the present investigation was to complement the results of the earlier experimental studies on hemispheres and hemisphere-cylinders by testing these bodies at a higher Mach number and, in the case of the hemisphere-cylinder, at angles of attack other than zero. By combining the present data with data from Refs. 5 through 20, a compilation of experimental results for hemispheres over a large range of Mach numbers could be made. Such a compilation would be of value in missile development studies and in wind tunnel calibrations.
The experimental tests described in this report were conducted in the 50-in. hypersonic tunnel (Gas Dynamic Wind Tunnel, Hypersonic (C)) of VKF, AEDC. Two models having diameters of 1. 38 and 5. 80 in. were tested at a nominal Mach number of 10 and at Reynolds numbers, 
MODELS
Two hemisphere-cylinder models were utilized in the test program. A large model having a diameter of 5. 80 in. and a length of 38 in. was used to obtain the hemisphere data. The cylindrical portion of this model was used to obtain cylinder data for length-to-diameter ratios of 0. 5 to 6. Pressure orifices were located around the hemisphere in 10-deg increments and along the cylinder in approximately 2-in. intervals. The orifices were 0. 067 in. in diameter and were located within a tolerance of ±0. 2 deg on the hemisphere. A small model having a diameter of 1. 38 in. and a length of 3 9 in. was used to obtain cylinder data for length-todiameter ratios of 1 to 28. With the exception of an orifice at the geometrical stagnation point, this model had no orifices on the hemisphere.
PRECISION OF MEASUREMENTS
Several sources of error were present in the experiment. These errors may be considered as being in two categories -fixed and random. The fixed errors which were present throughout the test included transducer nonlinearities and free-stream Mach number uncertainties. The random errors varied during the tests and included instrument zero shifts, angle-of-attack inaccuracies, dimensional inaccuracies in orifice locations (considered as random in this test because the data were analyzed AEDC-TR-66-179 using 0 m + a as the surface angle, thus incorporating several combinations of orifice location and angle of attack into each averaged value), and model distortions attributable to thermal gradients from the windward to leeward side. The absolute errors could be evaluated from transducer and tunnel calibrations, and the random errors were estimated by comparing a number of repeat runs with the two models. The indicated total uncertainties in the data are given in the 
HEMISPHERE
The experimental surface pressure distribution over the hemisphere at Mach number 10. 05 is presented in Fig. la . In this figure, the surface pressure has been normalized with respect to the stagnation pressure behind a normal shock, p t . The abscissa of the plot, 0 = 0 m + a , is the absolute value of the angle between an orifice and the physical stagnation point, i. e. , the point where the surface tangent is normal to the free-stream flow. As was mentioned previously, the orifices were spaced in 10-deg increments from 0 m = -90 to 90 deg, and the angle of attack was varied from 0 to 25 deg in 5-deg increments. Combinations of 0 m and a allowed four to six pressure measurements to be made at each value of 0. Since there was no measurable effect of the cylindrical afterbody on the hemisphere pressures, the data points shown in Fig. la are arithmetical averages of the measurements, and the repeatability of the data was within the uncertainty limits presented in Section 2. 3. These averaged pressure ratios are also tabulated in Table I. A comparison of the experimental results with two blunt-body theories is presented in Fig. lb Three aerodynamic characteristics of a hemisphere which may be determined from the pressure distribution are the stagnation point velocity gradient, the sonic point location, and the pressure drag coefficient. These characteristics have been determined from the experimental pressure distribution and are discussed in the following paragraphs.
The stagnation point velocity gradient is of considerable importance since it has been shown, by Fay and Riddell (Ref. 25) and others, that the stagnation point heat transfer is proportional to the square root of this parameter. The stagnation point velocity gradient may be presented in several forms. The Mach number gradient, (dM/d0) o , is used in this report because it is relatively insensitive to the free-stream Mach number and, as will be shown later, when the velocity gradient is in this form, it may be correlated as a function of 1/M^ .
Other forms of the velocity gradient may be easily obtained from the Mach number gradient, for example: §). -^r (w\ ■ ""= ( 
^■ea^^^fe)©.
To determine the surface Mach number, it is assumed that the flow over the hemisphere, at the outer edge of the boundary layer, is isentropic with a stagnation pressure equal to pt2-The correctness of this assumption has been verified experimentally (e.g., Ref. 9) . The local Mach number may then be obtained from the isentropic relation, y
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Differentiating Eq. (4) with respect to 0 and rearranging terms gives Since the Newtonian theory shows that the derivative of p/pt 2 with respect to sin^0 is constant for a given Mach number, it can be assumed that the derivative, at least for small values of 0, will be nearly constant for experimental data. The experimental distribution is plotted as a function of sin20 in Fig. 2a , and it is seen that the slope of the curve is essentially constant for values of 0 less than 20 deg. Thus, an accurate value of d(p/pt<j)/d(sin 2 0) may be obtained from the experimental data. Equation (5) is then rewritten as
Evaluating this relation at 0 = 0 gives The sonic point location, 0*, is the point on the hemisphere where the local Mach number, at the outer edge of the boundary layer, is equal to unity. Since isentropic flow has been assumed, the sonic point location is that value of 0 at which p/pto ~ 0-528. For the present data, 0* =41. (Fig. 2b) . The results of an integration of the experimental data are shown in Fig. 3 where CD is plotted as a function of the base angle, ög. For spherical segments with 0g < 0* the drag coefficient is only approximate since cutting a sphere ahead of the characteristic sonic point will force the sonic point to be located on the shoulder. This will modify the pressure distribution and, consequently, the drag. Un Table II. The experimental surface pressure distribution on a hemisphere at Mach numbers from 1. 9 through 21 are shown in Fig. 4 . Twelve sources of data were used in obtaining the data fairings shown. For the sake of clarity, individual data points are not presented since the curves are based on a total of 275 points. Data scatter was small, and approximately 90 percent of the data points are within ±0. 02 of the Cp/C p values given by the faired curves. From the stagnation point to about 55 deg, there is no effect of Mach number on the distribution, which is lower than that predicted by the modified Newtonian theory. In Fig. 6 , the stagnation point Mach number gradient, the sonic point location, and the pressure drag coefficient of the hemisphere are presented as functions of Mach number. For convenience, the stagnation point velocity gradient, ßD/u^, is also presented in Fig. 6 . This curve was obtained by applying Eq. (2) to the faired data in Fig. 6a .
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In determining 0* from the M^ =10 through 21 pressure data, a perfect gas flow with 7 = 1.4 was assumed, i. e. , gas imperfections were neglected. Included in the drag coefficients are force measurements by Nichols Van Dyke (Ref. 27) suggested that the pressure distribution over the subsonic portion of a hemisphere could be represented by the power series,
If this relationship is substituted into Eq. (5), it is seen that the coef- 
L. Ä (17)
2 Thus, the value of this coefficient may be determined from However, as would be expected, the cone solution does not accurately predict the pressure level on the hemisphere-cylinder because, except for a -0, there are cross-flow effects on the cylinder which reduce the pressure below that predicted for an axisymmetric cone.
SECTION IV CONCLUDING REMARKS
Surface pressure distributions were measured on a hemispherecylinder at a Mach number of 10. 05 and at angles of attack up to 25 deg. These pressure distributions were compared with theoretical calculations and experimental results from tests at supersonic and hypersonic Mach numbers. The following results were obtained: 2. The pressure distribution on a hemisphere is independent of free-stream Mach number (M^, = 1. 9 to 21) for 0 < 55 deg when presented as Cp/C p . An empirical equation for the shoulder (0 = 90 deg) pressure was derived from the experimental data.
3. The modified Newtonian theory predicts the drag coefficient of spherical segments within four percent at M^ = 10.
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4. Empirical relations for (dM/d0) o , 0*, and Cj) as linear functions of l/M^ were developed from experimental data for the Mach number range of 1.8 to 21. The Van Dyke numerical solution provides a better estimate of these characteristics than does the modified Newtonian theory. However, the modified Newtonian theory predicts these characteristics within five percent (except for Crj at M^ < 2. 2) for the Mach number range investigated.
5. The pressures along the windward meridian line of the hemisphere-cylinder at angle of attack follow trends predicted by the axisymmetric numerical solution for a spherically blunted cone with half-angle equal to the cylinder angle of attack. *Data obtained at a wall to free-stream stagnation temperature ratio of 0. 062 to 0. 12, whereas data from other references were obtained at or near equilibrium conditions. **Force data Pressure distributions on a hemisphere-cylinder at a Mach number of 10 and at angles of attack up to 25 deg are presented. These experimental distributions are compared with hypersonic blunt-body analytical and numerical solutions. Experimental stagnation point velocity gradients, sonic point locations, and pressure drag coefficients for hemispheres at Mach numbers from 1.8 to 21 have been compiled, and empirical relations are developed for these parameters as functions of Mach number.
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